Abstract. We used eddy covariance to measure the net exchange of CO2 between the atmosphere and a black spruce (Picea mariana) forest in Manitoba for 16,500 hours from March 16, 1994 to October 31, 1996. We then partitioned net exchange into gross photosynthesis and respiration by estimating daytime respiration as a function of temperature, and used these data to define the physiological responses of the forest to weather. The annual rates of gross production and respiration by the forest were both 
Introduction
Boreal forests cover -8% of the Earth's land surface and contain -13% of the carbon in the terrestrial biosphere [Whittaker, 1975; Schlesinger, 1977] . Increasing concentrations of CO2 and other trace gases in the atmosphere are expected to impact the climate of the boreal zone over the next century [Mitchell et al., 1990 ] and, as a result, to alter the rates of photosynthesis and respiration by boreal forests [Bonan and Shugart, 1989; Oechel and Billings, 1992; Oechel et al., 1993] . To the extent that these changes in activity translate into changes in carbon balance, a positive or negative feedback to the concentration of atmospheric CO2 may result. However, an improved understanding of the physiological sensitivity of boreal forest CO 2 exchange to weather is required before the effects of climate change on carbon balance can be predicted reliably. Most investigations of forest CO2 exchange have relied on models to extrapolate short-term gas-exchange measurements made with small chambers. This approach has contributed greatly to understanding, but uncertainties are inevitable when small-scale observations are aggregated to whole ecosystems, and short-term data to annual balances [Whittaker and Marks, and continuous feather moss. Low-lying areas were dominated by sparse, 1-to-6-m-tall, chlorotic spruce and continuous sphagnum moss. Approximately 45% of the area within 500 m of the tower was feather moss, 45% sphagnum moss, and 10% fen [Harden et Power was provided by a diesel generator which operated continuously 300 m east. A network of boardwalks around the site minimized disturbance, and access to areas south, west, and north of the tower was strictly limited. The data acquisition and control systems were fully automated, allowing extended periods of unattended operation. The raw digitized signals were stored on a hard drive and transferred by a local employee to a removable cartridge every 3-7 days for immediate shipment to our laboratory. The site was visited by science personnel every 5 weeks for maintenance and as needed for repairs.
Measurements
The turbulent fluxes of sensible heat, latent heat, CO2, and momentum at 29 m were determined following Wofsy et al. [1993] and Goulden et al. [1996b] . The signals directly associated with the flux calculations were digitized and recorded at 4 Hz. Wind and temperature were measured with a three-axis sonic anemometer (Applied Technologies, Boulder, Colorado) pointed due west (270ø). The anemometer incorporated online corrections for flow distortion [Kaimal et al., 1990] , and the effect of crosswind on the calculation of temperature [Kaimal and Gaynor, 1991 
Analysis
Our analysis proceeded by (1) examining the raw flux data for errors associated with wind from behind the tower, calm conditions, and the damping of high-frequency fluctuations and for intervals with malfunctioning instruments, and then excluding these periods or correcting for these errors in subsequent analyses; (2) separating the observed net COg exchange into whole-ecosystem respiration and gross uptake by estimating daytime respiration as a function of temperature; and (3) using the large sample of observations to isolate the environmental factors controlling photosynthesis and respiration. We describe the first and fourth aspects of step 1 and all of step 2 here. The second and third aspects of step 1 are discussed in the Results, and step 3 is implicit in the Discussion.
We rejected flux data when the sonic anemometer or IRGA malfunctioned or when background COg changed rapidly. Problems with the IRGA were identified by monitoring the flow and pressure at the instrument and by comparing the signals with simultaneous measurements made with the profile instrument. Additional problems with the IRGA were identified with an automated calibration every 3 hours. The sonic anemometer developed problems with spiking occasionally due either to precipitation or malfunctioning transducers. (Spikes are step changes in wind or temperature signal that occur when the instrument misidentifies the return pulse [Kaimal and Finnigan, 1994] .) We therefore adapted the processing code to determine the number of spikes in each interval and to recalculate the turbulent fluxes after filtering out spikes. We subsequently discarded the sensible heat and momentum fluxes when the spike rate was greater than 5% and water vapor and COg fluxes when the spike rate was greater than 20%. We also rejected periods with unreasonable means or variances in the temperature measured by the sonic based on comparison with an adjacent thermistor, and unreasonable horizontal wind based on comparison with an adjacent cup
anemometer.
An analysis of turbulence statistics as a function of wind direction revealed anomalies such as a systematic decrease in crw/u* during neutral and unstable periods from a mean of 1.25 when the wind came from in front of the tower (135ø-45 ø) to 1.1 when the wind came from behind the tower (45ø-135ø Gross ecosystem exchange (GEE) was calculated as the difference between NEE and estimated respiration:
GEE: NEE-R (2)
Gross ecosystem exchange should equal the net rate of carboxylation and oxygenation by ribulose-l,5-bisphosphate carboxylase. Gross exchange does not include dark respiration and is not equivalent to measurements of net assimilation made with leaf or canopy chambers. Net or gross "exchange" of CO• into the forest was considered negative, and "exchange" out of the forest positive. However, we discuss "photosynthesis," "uptake," and "ecosystem production" as processes with positive signs. The damping of CO2 fluctuations caused a 2-10% underestimation of flux during daylight, which increased to 15-30% at night with the cospectral shift toward higher frequencies (Figure 2 The disparity continued year-round, and was reduced but not eliminated in late afternoon, implying that it was not caused entirely by changes in storage. Similarly, the discrepancy was independent of Bowen ratio, implying that it was not caused by a bias peculiar to one of the turbulent exchange measurements. Energy closure did improve with increasing u*, a trend that could indicate stationary circulation patterns during calm periods which transport flux that is not included in the detrended covariance [Ban' et al., 1994; Lee and Black, 1993]. We also observed a systematic difference in closure as a function of wind direction, a pattern that could indicate spatial heterogeneity in albedo and net radiation. However, we are unable to account fully for the bias between measurements and must conclude that our turbulent exchange measurements may underestimate both day and night surface activity by 10-20%. Nonetheless, the strength of the correlation between H + and Rnet, establishes the integrity of the measurements and their usefulness for characterizing the proportional responses of exchange to the physical environment.
Results

We installed the instruments in
Annual Integrated Activity
We integrated the observations of NEE, GEE, and R to calculate the annual net ecosystem production (NEP), gross early September, and ceased with freezing in late October (Figure lc) . Respiration was low, but not negligible, in winter, increased a few weeks after warming in early June, decreased moderately in early September, and decreased considerably with freezing in late October (Figure lb) . The annual cycles of respiration and photosynthesis reflected the direct effects of temperature on metabolism and also changes in the physiological responses of the forest to weather.
Moderate rates of uptake in 1996 were first observed a few weeks after above-freezing maximum temperatures became common, but before snow melt was complete (Figure 5 ). Photosynthetic uptake increased through May, with the largest rises following nights with above-freezing air temperatures (e.g., May 11 and 24). The spring increase in respiration was delayed at least 1 week relative to the increase in photosynthesis during each of the 3 years (Figures 5 and la) The 1 /xmol m 2 s i rise from early to late summer that was insensitive to diel and synoptic changes in temperature suggests increased emissions from a region of stable temperature such as deep in the soil . Nocturnal eddy flux measurements are noisy, and we were unable to find consistent relationships between respiration and aspects of the physical environment other than temperature. The lack of uptake during periods with favorable conditions in early spring (Figures 5 and 6 ) may be a direct effect of soil and stem frost or, alternatively, of changes in leaf biochemistry associated with dormancy [Larcher, 1995] . Photosynthetic capacity appeared to increase with the onset of above-freezing nights, allowing uptake in mid-May that was approximately 60% of the mid summer rate. The photosynthetic response then increased gradually, and the respiratory response increased rapidly, to reach maxima in early June (Figures 5, 6,  and 7) . The comparatively low rates of respiration in late May (Figure 5 ), despite moderate rates of photosynthesis, may reflect the need for carbohydrate replenishment prior to growth resumption. Both respiratory and photosynthetic response decreased in the first week of September (Figures 6 and 7 The simplicity and consistency of CO2 exchange at Harvard Forest and NSA-OBS arguably represent our most significant finding from eddy covariance to date. Nonlinear and spatially variable physiological responses coupled with spatial and temporal heterogeneity in the physical environment could have resulted in complex or seemingly random responses at the whole-forest level. Furthermore, heterogeneity in vegetation associated with local drainage or history could have caused marked variation in exchange as the region of forest sampled shifted with wind and atmospheric stability. However, we found that the physiological responses of leaves and soil microbes scale remarkably well to the stand at both sites and hence that models of CO2 exchange that treat complex ecosystems as simple integrated units are justifiable. In fact, the
